Enzymes involved in pyruvate metabolism were assayed in crude extracts of Rhodobacter capsulatus cells grown photosynthetically with different carbon sources. Pyruvate dehydrogenase, pyruvate carboxylase, pyruvate kinase and phosphoenolpyruvate carboxykinase (ATP) were all present in extracts of cells grown on DL-lactate, whereas phosphoenolpyruvate carboxylase, phosphoenolpyruvate synthase and pyruvate, orthophosphate dikinase were undetectable in extracts of cells grown on either DL-lactate, DL-malate or acetate. Malate-grown cells and acetate-grown cells contained lower levels of pyruvate carboxylase and higher levels of pyruvate kinase than did lactate-grown cells, and malate-grown cells also contained lower levels of phosphoenolpyruvate carboxykinase. Pyruvate dehydrogenase activity was undetectable in extracts of acetate-grown cells. Two mutant strains, which were unable to grow on pyruvate, lactate or any other compound metabolized via pyruvate, were found to be deficient in pyruvate carboxylase activity, indicating that this anaplerotic enzyme is essential for growth on pyruvate or related compounds as sole added carbon source. This requirement for pyruvate carboxylase can be bypassed to some extent, however, since the mutants grew on acetate, albeit more slowly than the wild-type and after a long lag period. The key enzymes of the glyoxylate cycle, isocitrate lyase and malate synthase, were present at high levels in extracts of acetate-grown cells, both of the mutants and of several wild-type strains tested, whereas isocitrate lyase activity was undetectable in three different strains of Rhodobacter sphaeroides. This is consistent with previous suggestions that acetate is assimilated via the glyoxylate cycle in R. capsulatus but not in R. sphaeroides.
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I N T R O D U C T I O N
The photosynthetic bacterium Rhodobacter capsulatus (formerly Rhodopseudomonas capsulata; Imhoff et al., 1984) is characterized by a vigorous photoproduction of H2 when grown and incubated in the light, under conditions of nitrogen limitation (for review, see Vignais et al., 1985) . H2 production is catalysed by the nitrogenase enzyme (EC 1.18.6. l), which under anaerobic conditions, and in the absence of N2 or other substrate, catalyses the two-electron reduction of H+ to H2. Reduction of H+ or other substrate requires ATP, which is provided at optimal rates by photosynthesis, although N2 fixation can also occur under dark, anaerobic or semi-aerobic conditions. A low-potential reductant is also required, and the reducing power necessary is provided by the oxidation of organic substrates.
Non-growing ('resting') cell suspensions are theoretically capable of oxidizing organic substrates quantitatively to H2 and C 0 2 (cf. Macler et al., 1979) . However, in practice, the yield of H2 is less than the theoretical maximum. The highest values (approx. 80%) are observed with curves obtained by measuring the ODb6, of cultures directly in a Bausch and Lomb Spectronic spectrophotometer, as described previously (Willison et al., 1984) .
Preparation of cell-free extracts. Cells were routinely harvested from growing cultures, at an OD,,, of about 2.0 when DL-malate or DL-lactate was the carbon source, and 1.0 when acetate was the carbon source. Samples (20-50 ml) of culture were centrifuged at lOOOOg for 10 min, at 4 "C; the cells were resuspended in 10-20 ml20 mMTris/HCl, pH 7.8, centrifuged again as above, and resuspended in 1-2 ml20 mM-Tris/HCl, pH 7-8. The cells were broken by sonication three times for 45 s each with 1 min cooling intervals in ice, using a Heat Systems Ultrasonics model W-10 sonicator. The suspension was then centrifuged at 20000g for 2min, in an Eppendorf Microcentrifuge, to remove cell debris, then at lOOOOOg for 1 min in a Beckman Airfuge to remove membrane fragments. The extracts thus obtained (supernatant fraction) were stored on ice until use, except fractions to be assayed for pyruvate kinase activity, which were stored at room temperature.
Measurement of protein concentration. The protein content of cell-free extracts was determined by the Lowry method, using bovine serum albumin (Sigma, fraction V), as standard.
Enzyme assays. All enzymes were assayed spectrophotometrically by previously published methods, which were either used as described or slightly modified. The reactions, which were carried out at 30 "C in a final volume of 1 ml, were generally started by the addition of extract (between 5 p1 and 100 p1, at a concentration of 1-5 mg protein ml-l) after a preincubation of 2-5 min at 30 "C, during which time the absorbance was monitored. Reaction rates were calculated from the change in A340 due to the oxidation of NADH or the reduction of NAD+ ( E = 6-22 m-' cm-l) or the change in A412 due to the reduction of 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) (E = 13-6 mM-' cm-l). Each assay was done with at least two different concentrations of extract to check for proportionality of activity to protein concentration.
Pyruvate dehydrogenase (EC 1.2.4.1) was assayed as described by Guest & Creaghan (1973) , except that 3-acetyl-NAD+ was replaced with NAD+, and the concentration of coenzyme A was increased twofold. The composition of the reaction mixture was as follows: Tris/HCl, pH 8.5, 120 mM; coenzyme A (CoA), 0.16 mM; Lcysteine. HCl, 3 mM; thiamin pyrophosphate, 0.2 mM; NAD+, 0.8 mM; sodium pyruvate, 7.5 mM. The increase in A340 was generally linear with time for at least 2 rnin after the addition of extract. The rate of NAD+ reduction was corrected for the basal rate in the absence of added pyruvate, although this was usually negligible.
Pyruvate carboxylase (EC 6.4.1.1) activity was assayed by coupling the production of oxaloacetate to the reduction of DTNB, using citrate synthase, as described by Payne & Morris (1969) . The reaction mixture comprised: Tris/HCl, pH 7.8, 100 mM; MgC12, 10 mM; sodium pyruvate, 10 m; NaHC03, 50 m~; ATP, 5 mM; acetyl-CoA, 0.2 mM; DTNB, 0-2 mM; citrate synthase, 5 U. The reaction rate was calculated from the difference in the rate of DTNB reduction in the presence or absence of ATP, and was linear for about 2 min after the addition of extract. For determination of the pH optimum of pyruvate carboxylase activity, the Tris/HCl buffer was adjusted to pH values between 7.2 and 9-0, and was replaced by MOPSINaOH for pH values between 6-0 and 7.2. At pH 7.2, the specific activity in the presence of MOPS was not significantly different from that in the presence of Tris.
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Phosphoenolpyruvate carboxykinase (ATP) (EC 4.1.1.49) activity was assayed as described by Schobert & Bowien (1984) , except that ADP was substituted for GDP. The reaction mixture contained : MOPS/NaOH, pH 6-6, 100 mM; NaHCO,, 50 mM; phosphoenolpyruvate, 5 mM; ADP, 5 mM; NADH, 0-25 mM; MnCl,, 2 mM; MgC12, 2 mM; malate dehydrogenase, 5 U. The decrease in was linear for at least 5 min after the addition of extract. The rate of NADH oxidation was corrected for the basal rate in the absence of added ADP.
Pyruvate kinase (EC 2.7.1.40) was assayed as described by Hess & Wieker (1974) . The reaction mixture consisted of: Tris/HCl, pH 7.5; 100 mM; MgS04, 30 mM; NADH, 0.25 mM; phosphoenolpyruvate, 5 mM; ADP, 10 mM; lactate dehydrogenase, 5 U. The decrease in A340 was linear for up to 5 min after the addition of extract, The rate of NADH oxidation was corrected for the basal rate in the absence of ADP.
Phosphoenolpyruvate synthase (EC 2.7.9.2) (forward and reverse reactions), phosphoenolpyruvate carboxylase (EC 4.1 . 1 .3 1) and pyruvate, orthophosphate dikinase (EC 2.7.9.1) were tested for as described by Schobert 8c Bowien (1984) . The reaction medium for assaying the phosphoenolpyruvate synthase forward reaction contained: Tris/HCl, pH 8-8,110 mM; ATP, 10 mM; NaHCO,, 20 mM; NADH, 0.25 mM; MgC12, 10 mM; sodium pyruvate, 1.5 mM; malate dehydrogenase, 5 U; phosphoenolpyruvate carboxylase, 0.5 U. The assay medium was also modified by replacing the NADH and malate dehydrogenase with DTNB (0.2 mM) and citrate synthase Citrate synthase (EC 4.1.3.7) was assayed as described by Eidels & Preiss (1970~) and isocitrate lyase (EC 4.1 .3.1) and malate synthase (EC 4.1 .3.2) were assayed as described by Dixon & Kornberg (1959) . In the latter two assays, the reaction was initiated by the addition of substrate rather than extract.
Chemicals. All enzymes, nucleotides and cofactors were purchased from Boehringer Mannheim, as was DTNB. Other reagents were purchased from Sigma or from Prolabo, and were of the highest purity available.
(5 U).
RESULTS

Growth experiments
The wild-type strain B10 of Rhodobacter capsulatus is able to use a wide range of carbon sources for growth (see Weaver et al., 1975). The growth characteristics of the mutant strain RC87 have been described previously : L-malate, succinate, glutamate, butyrate, propionate and acetate serve as sole carbon source, but it is unable to grow on pyruvate, lactate, D-malate, glucose or ribose, or autotrophically on H2 + C 0 2 (Willison et al., 1987) . The mutant strain RC85 was also unable to grow on carbon sources metabolized via pyruvate. The growth phenotype of strain RC87 is apparently due to the presence of a chromosomal insertion of Rplasmid DNA (Willison et al., 1987) , while strain RC85 probably carries a point mutation in a gene for pyruvate utilization. Strain RC85 reverted to growth on lactate at a frequency of 1.5 x yielding colonies which grew at a similar rate to those of the wild-type. In contrast, strain RC87 yielded two types of revertant : colonies which grew at a similar rate to those of the wildtype (frequency 1 x lo+) and colonies which grew much more slowly (frequency 4 x
The growth rates of these strains on various carbon sources are shown in Table 2 . The mutants RC85 and RC87 grew at similar rates to the wild-type on acetate, and showed a 'lag period of about 24 h before growth on acetate began, compared to a lag period of about 12 h for the wildtype. Strain RC113, a slow-growing revertant of RC87, grew more slowly than the wild-type on lactate, but grew on acetate with a similar lag period to that shown by the wild-type. Although strains RC85 and RC87 were unable to utilize lactate as sole carbon source for growth, they were able to grow on lactate when the medium was supplemented with a limiting concentration of Lmalate. With 4.5 mM-L-malate alone, strains grew with a doubling time of about 2-0 h, reaching a final OD660 of 1.0; in the presence of 20 mM-DL-lactate, growth continued for several hours longer, and the final OD660 was 3.0. Although the present work was done exclusively with photosynthetically grown cultures, the pattern of carbon source utilization by strains grown aerobically in the dark (as judged by the growth rate of colonies on agar plates) was identical to that observed in the light.
The presence of different enzymes likely to be involved in pyruvate utilization was tested for in extracts of cells grown photosynthetically on different carbon sources (DL-lactate, DL-malate, DL-lactate plus L-malate, and acetate). Cells were harvested at standard OD660 values (0.8-1 -0 for acetate, and 1.5-2.0 for other substrates). These were well below the stationary phase, but did not necessarily correspond to the phase of maximum growth rate shown in Table 2 , which was Pyruvate metabolism in Rhodobacter capsulatus 
generally observed between OD660 values of 0.2 and 1.0. The enzyme activities determined for strains B10 (wild-type) and RC85 are shown in Table 3 .
Pyruvate dehydrogenase Pyruvate dehydrogenase (PDH) activity was detected in extracts of wild-type B 10 cells grown on lactate or malate, and was present in similar amounts in extracts of mutants RC85 or RC87 grown on malate or lactate plus malate (Table 3) . In contrast to the Escherichia coli enzyme (Langley & Guest, 1977) , PDH activity in R. capsulatus was inhibited (by about 20%) by 5 mMMgC12, and was about 50% higher and linear for longer time periods when NAD+ rather than 3-acetyl-NAD+ (APAD+) was provided as substrate. The optimal concentration of CoA was also higher (see Methods).
Extracts of acetate-grown cells, both of the wild-type and of the mutants, contained no detectable PDH activity. Reconstitution experiments with extracts of lactate-grown cells showed that extracts of acetate-grown cells contained no inhibitor of PDH activity, and that the reduction of as little as 1.0 nmol NAD+ min-l (mg protein)-' could be detected. NADH oxidase activity was undetectable in extracts of acetate-grown cells, and low or negligible [ < 5 nmol min-l (mg protein)-'] in extracts of lactate-grown or malate-grown cells.
J . C . WILLISON
Pyruvate carboxylase Pyruvate carboxylase (PC) activity was high in extracts of lactate-grown cells of B10 (Table  3) . Initially, PC was assayed as described by Schobert & Bowien (1984) , by coupling the production of oxaloacetate to the oxidation of NADH with malate dehydrogenase. However, in extracts of the mutants RC85 and RC87, as well as in some extracts of malate-grown and acetate-grown B10, the rate of NADH oxidation was greater in the absence than in the presence of ATP, by up to 20 nmol min-l (mg protein)-'. This suggested the presence of a competing enzyme activity which was inhibited by ATP. However, if the production of oxaloacetate was coupled to the reduction of DTNB in the presence of acetyl-CoA and citrate synthase (Payne & Morris, 1969), then in extracts of the mutants, the activity in the absence of ATP differed from that in the presence of ATP by no more than 1-2 nmol min-l (mg protein)-'. It was therefore concluded that the mutant strains RC85 and RC87 were deficient in PC activity. In extracts of the wild-type, the level of PC activity varied widely ( Table 3) . It was much lower in extracts of malate-grown or acetate-grown cells than in extracts of lactate-grown cells, and was undetectable in some extracts. The fast-growing revertant strains RC112 and RC225 contained similar levels of PC activity to the wild-type [40-50 nmol min-l (mg protein)-'] when grown on lactate, whereas the slow-growing revertant strain, RCll3, contained no detectable PC activity.
In R. sphaeroides, PC has an absolute requirement for acetyl-CoA for activation (Payne & Morris, 1969) . This also appears to be the case for the R. capsulatus enzyme, since, in the NADH-linked assay, the activity measured in the absence of acetyl-CoA was similar to that measured in the absence of ATP.
When assays for the phosphoenolpyruvate synthase (PPS) forward reaction (see below) were carried out on extracts of lactate-grown B10 cells, an ATP-dependent activity was observed which was independent of the addition of phosphoenolpyruvate carboxylase, and was therefore probably due to PC (the PPS assay medium contained all the components of the PC assay medium, although the pH and reagent concentrations were different). Generally, this activity was much lower than in the PC assay. However, when an extract of stationary-phase cells was tested, the activities measured in the PC and PPS assays were about the same. This effect was reproduced in several different experiments, and was subsequently found to be due to a difference between the pH-profiles of PC activity in extracts from growing and stationary-phase cells. The pH-profile of PC activity in extracts of growing cells took the form of a classical, bellshaped curve, with a maximum at pH 7-8, whereas in extracts of stationary-phase cells, the pHprofile was much broader, with apparently two optima at around pH 7.1 and pH 8.5 (Fig. 1) .
Phosphoenolpyruvate carboxykinase Phosphoenolpyruvate carboxykinase (PCK) activity was easily detected in extracts of lactategrown cells of B10. Activity specifically required ADP, with no activity being observed with GDP or IDP. Activities varied widely between extracts (Table 3) , but on average were higher in extracts of acetate-grown cells than in extracts of lactate-grown cells, and lowest in extracts of malate-grown cells. The mutant strains RC85 and RC87 contained approximately twofold higher levels of PCK activity than the wild-type, with the average activity being lower on DLmalate than on acetate or on lactate plus L-malate.
Pyruvate kinase
Pyruvate kinase (PK) has been shown to be a cold-labile enzyme in both X. sphaeroides (Schedel et al., 1975) and R. capsulatus (Klemme, 1974) , so assays were done on extracts prepared and stored at room temperature. Extracts could be stored for up to 6 h at room temperature without loss of activity, whereas activity was lost completely after 1 h at 0 "C. (In contrast, PC activity decreased by more than 50% and PDH activity was lost completely after 6 h at room temperature, although the activity of PCK remained constant.) PK activity was low and sometimes undetectable in extracts of lactate-grown cells of B10, but was several-fold higher in extracts of malate-grown or acetate-grown cells (Table 3) . In extracts of malate-grown cells of RC85 (and RC87), the activity of PK was about fourfold higher than in Crude extracts were prepared as described in Methods. Reaction mixtures were prepared with or without ATP, using stock solutions of Tris or MOPS adjusted to various pH values at room temperature; the actual pH of the reaction mixture was then measured at 30 "C. The reaction was started by the addition of extract ( 0 , 89 pg protein; 0, 105 pg protein) and the A,,* was measured automatically at 20 s intervals for 2-3 min. The reaction rate was calculated from the slope of the straight line obtained when the curve measured in the absence of ATP was subtracted from the curve measured in the presence of ATP. Duplicate determinations of activity were made at each pH value, and when these values differed by more than lo%, a third determination was made, In all cases, the mean value is shown, and the range of values observed is indicated by the vertical bars (a horizontal bar through a symbol indicates that the values were identical). The proportionality of activity to protein concentration was checked at four different pH values (indicated by arrows).
malate-grown cells of B 10; the activity in extracts of cells grown on other carbon sources was not tested.
Other enzymes No evidence was obtained for the presence of phosphoenolpyruvate carboxylase phosphoenolpyruvate synthase (PPS), or pyruvate, orthophosphate dikinase activity in extracts of either growing or stationary-phase cells, after storage at 0 "C or at room temperature, or by varying the pH of the reaction medium by & 0.5 unit from the value given in the published method. When PPS was assayed by coupling phosphoenolpyruvate formation to the oxidation of NADH, with phosphoenolpyruvate carboxylase and malate dehydrogenase, the rate of NADH oxidation was greater in the absence of ATP than in the presence of ATP, as was observed with the PC assay (see above). When NADH and malate dehydrogenase were replaced with acetyl-CoA, DTNB and citrate synthase, an ATP-dependent activity was observed, which was independent of phosphoenolpyruvate carboxylase, and was therefore probably due to PC, as mentioned above.
Citrate synthase (CS) was present both in the wild-type and in the mutant strains. The activities in extracts of cells grown on DL-malate [235 f 44 nmol min-l (mg protein)-' for B10; 246 f 37 nmol min-l (mg protein)-' for RC85] were very similar to those reported by Eidels & Preiss (1970a) . These authors made an extensive study of CS in R. capsulatus, and found it to be present at higher levels in aerobically grown cells than in anaerobically grown cells for carbon sources other than acetate, and to be present at the highest levels in cells grown aerobically in the dark on acetate [ 1800 nmol min-' (mg protein)-']. They did not report the activity in extracts of cells grown photosynthetically on acetate, which we found to be 750 f 193 nmol min-' (mg protein)-' for B10 and 652 & 26nmol min-l (mg protein)-' for RC85. The key enzymes of the glyoxylate cycle, isocitrate lyase (ICL) and malate synthase (MS) were assayed in extracts of acetate-grown cells of strains B10, RC85 and RC87, and in three other wild-type strains of R. capsulatus (JH1, LB1 and St Louis). Both enzymes were present at high levels in extracts of all the strains tested, the activities being in the range 150-360 nmol min-l (mg protein)-' for ICL, and 400-1 130 nmol min-l (mg protein)-' for MS. In contrast, in three strains of R. sphaeroides (WS22 Lys+, 2.4.1 Ga and HR), ICL activity was undetectable in extracts of acetate-grown cells, although MS activity was present at similar levels to those in R . capsulatus. It should be noted that the spectrophotometric assay used for ICL is not specific for the formation of glyoxylate phenylhydrazone, and non-specific activity due to isocitrate dehydrogenase has been detected in extracts of several Hyphornicrobium strains (Attwood & Harder, 1977) . Nevertheless, in contrast to Hyphornicrobiurn, the activities measured in R . capsulatus strains were significantly higher than the specific ICL activity required to support the observed growth rate on acetate, which was calculated to be 93 nmol min-l (mg protein)-'.
DISCUSSION
One purpose of the present work was to identify clearly the enzymes involved in pyruvate metabolism in Rhodobacter capsulatus. The results obtained are incorporated into the scheme shown in Fig. 2 , which shows the central pathways of carbon metabolism in R . capsulatus. Other enzymes are clearly also involved in pyruvate metabolism, and indeed the 'non-specific' enzyme activity observed in some of the assays described above was largely pyruvate-dependent. However, this activity, which varied between 20 and 50 nmol min-' (mg protein)-', depending on the assay conditions, was present at similar levels in extracts of the wild-type and mutant cells, and showed little dependence on the carbon source used for growth, suggesting that the enzymes involved are not crucial for pyruvate assimilation.
PC is clearly the major enzyme involved in the generation of tricarboxylic acid cycle intermediates from pyruvate, since its absence in the mutant strains RC85 and RC87 results in a complete loss of the ability to grow on pyruvate, or on substrates metabolized via pyruvate, when these are provided as sole carbon source. A combination of PCK and PK might have been thought to allow growth on pyruvate, but PCK clearly plays a gluconeogenic role in R . capsulatus. This is the case in most bacteria, although an exception is Alcaligenes eutrophus, which has no PC activity, and appears to assimilate pyruvate via PPS and PCK (Schobert & Bowien, 1984 ). Moreover, the low level of PK activity in lactate-grown cells of the wild-type suggests that this enzyme functions mainly to generate pyruvate. The mutants RC85 and RC87 grew on acetate after a long lag period, and this growth may have been due either to the activity of residual levels of PC or of other anaplerotic enzymes, or to the relief of a blockage in the citric acid cycle. One possible site for blockage of the citric acid cycle is isocitrate dehydrogenase, which in E. coli is a regulatory enzyme, controlled by covalent modification (phosphorylation/ dephosphorylation), that is influenced by a number of effectors, including pyruvate (El-Mansi et al., 1986). Revertants of the insertion mutant RC87 were obtained which were able to grow on lactate, but which still lacked PC activity. They also grew on acetate without an extended lag period. These revertants presumably contained a second-site mutation, which either increased the activity of another anaplerotic enzyme, or decreased inhibition of the citric acid cycle.
It is difficult to extrapolate from in vitro assays to the in vivo situation, since many of the enzymes involved in pyruvate metabolism are allosteric, and are modulated by numerous effectors (see e.g. Klemme, 1974) . However, the differences in activity observed between cellfree extracts must at least partly reflect differences in the level of synthesis and/or irreversible (i.e. covalent) modification of activity. Indeed, many of the variations in enzyme activity observed can be rationalized by assuming that the enzyme levels respond, either directly or indirectly, to the relative intracellular concentrations of pyruvate and oxaloacetate. Thus, in the PC-deficient mutants, which might be expected to accumulate pyruvate intracellularly and to have low levels of oxaloacetate, the average level of PCK was higher than in the wild-type. Furthermore, in acetate-grown cells of the wild-type, which lack PDH activity, and also contain low levels of PC, the activity of PCK was higher than in lactate-grown or malate-grown cells.
Py r uva t e metabolism in R hod0 bac ter capsula tus propionate, which has been shown by labelling studies to be metabolized via succinate (Knight, 1962) and D-malate, which is oxidatively decarboxylated by an NAD+-dependent D-malic enzyme (Willison et al., 1984) . The enzymes assayed in the present study are numbered as follows: (1) pyruvate dehydrogenase (PDH); (2) pyruvate carboxylase (PC); (3) phosphoenolpyruvate carboxykinase (PCK); (4) pyruvate kinase (PK); (5) citrate synthase (CS); (6) isocitrate lyase (ICL); (7) malate synthase (MS).
Mutants lacking PC are unable to grow autotrophically on H2 + C02, or heterotrophically on glucose, lactate, Dmalate or pyruvate, but are able to grow on acetate, butyrate, glutamate, propionate, succinate and L-malate. PC is therefore the major anaplerotic enzyme responsible for growth on pyruvate, and PCK and PK probably function essentially in the directions shown.
Conversely, in malate-grown cells, in which the level of oxaloacetate would be expected to be high relative to that of pyruvate, the average level of PCK was relatively low. It should be noted that, for certain carbon sources, the activities of PC, PCK and PK varied widely between extracts, possibly reflecting variations in the intraceilular levels of metabolites. In contrast to other enzymes, the level of PDH activity was fairly constant, and was similar in extracts of lactate-grown and malate-grown cells. However, in extracts of acetate-grown cells, PDH activity was undetectable and therefore corresponded to less than 1-2% of the activity present in other extracts. This degree of inhibition is more drastic than that observed in E. coli, where the level of PDH activity in acetate-grown cells was about 15 %of that found in extracts of pyruvate-grown cells (Langley & Guest, 1978) .
Overall, the pyruvate metabolism of R. capsulatus closely resembles that of R. sphaeroides. A mutant of R. sphaeroides lacking PC was isolated by Payne & Morris (1969), and showed properties very similar to those of the mutants described here. R. sphaeroides contains phosphoenolpyruvate carboxykinase (PCK) and lacks phosphoenolpyruvate carboxylase (Payne
